Enterotoxin production in Clostridium perfringens is both strain dependent and sporulation associated. Underlying these phenotypic observations must lie a genetic and molecular explanation and the principal keys will be held within the DNA sequence both upstream and downstream of the structural gene cpe. In accordance with the above we have sequenced 4.1 kbp of DNA upstream of cpe in the type strain NCTC 8239. A region of DNA extending up to 1.5 kb 5' to cpe is conserved in all enterotoxin-positive strains. This region contains a putative ORF with substantial homology to an ORF in the Salmonella typhimurium IS200 insertion element and, in addition, contains multiple perfect consensus DNA-binding sequences for the Bacillus subtilis transition state regulator Hpr. The detailed structural elements revealed by the sequence analysis are presented and used to develop a new perspective on the molecular basis of enterotoxin production in this important food-poisoning bacterium.
INTRODUCTION
Clostridium perfringens type A is responsible for the classic mild type of food poisoning. Illness is caused by an enterotoxin produced in the small intestine by sporulating bacteria with release of the toxin during mother cell lysis (for reviews, see Granum, 1990; Granum & Stewart, 1993) . Enterotoxin production may vary between strains by as much as three orders of magnitude (Skjelkvile e t al., 1979; Granum e t al., 1984) , at least in laboratory media, and inclusion bodies containing the enterotoxin are sometimes observed within the cells (Skjelkvile & Duncan, 1975) . The use of sporulation mutants has established that enterotoxin is synthesized prior to stage I11 of sporulation (Duncan e t d., 1972) , and can be detected immunologically in sporulating cultures after 2-3 h, corresponding to stage I1 (Duncan, 1973) . Stable enterotoxin mRNA with a half-life of some 58 min has been isolated (Labbe & Duncan, 1977) , but any possible
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0001-8447 0 1994 SGM heterogeneity of transcripts has not been investigated. The enterotoxin has been cloned in a number of laboratories (Van Damme-Jongsten e t al., 1989 ; Iwanej k o e t a/., 1989; Hanna et al., l989) , and with the development of a restriction map of the C. perfringens genome (Canard e t al., 1992) there is now an opportunity to map the cpe gene in relation to other genetic markers on the chromosome.
The ability to produce enterotoxin is not associated with all C. pe$ringens type A strains ; indeed only about 6 % of food-isolated strains exhibit this capacity (Van DammeJongsten e t d., 1989). It also seems that the ability to produce enterotoxin can come and go within individual culture isolates. Despite past speculation that this relates to changes in gene regulation or even transposition, the underlying genetic basis for these phenotypic observations has not yet been established. As part of the cloning strategy for cpe (Iwanejko e t al., 1989) we have previously isolated a substantial region of the DNA 5' to the structural gene. This DNA should hold many of the keys to the unusual expression phenotype for enterotoxin, as within this region we would expect to find the regulatory elements that specify both an association with sporulation IP: 54.70.40.11
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and strain variation. In this paper we present the sequence of 4.1 kbp of DNA 5' to cpe. We have compared this region across several strains of C. perfringens and we propose a link between an Hpr-like transition state regulator and the sporulation-associated expression of cpe.
Strains. All the C. perfringens strains (see Table 3 ) were from the cylture collection of the Norwegian Food Research Institute, ,is, Norway. The type A strains are all known to be enterotoxin positive (Skjelkvile etal., 1979) , while the type C has been found to be negative (Skjelkvile & Duncan, 1975) .
isolation of chromosomal DNA. Chromosomal DNA was extracted from the C. perfringens strains using the method of Pitcher e t al. (1989) . Cells were grown overnight in 100 ml deaired BHI medium (Oxoid) within an anaerobe flask at 37 "C. Cells were harvested by centrifugation (1OOOOg for 15 min at 4 "C). The pellet was resuspended in TE buffer with 500 p1 lysozyme (50 mg ml-l) and incubated at 37 OC for 30 min. Then 2.5 ml GES solution was added (5 M guanidium thiocyanate, 3 00 mM EDTA, 0.5 YO sarcosine). After lysis (rapid) the samples were placed on ice for 10 min; 1-25 ml7-5 M ammonium acetate was added, and the samples were again placed on ice for 10 min. The samples were then extracted with 2.5 ml chloroform/ isoamyl alcohol (24 : 1 , v/v), mixed and centrifuged (19 000 g for 15 min). The supernatant was carefully pipetted out and 0.54~01. cold 2-propanol was added and mixed, and then centrifuged (4000g for about 1 min). The pellet was washed with 70 YO (v/v) ethanol, dried, and dissolved in 200 pl distilled water.
Plasmid isolation. C. perfringens plasmid DNA was isolated either by the use of Magic Miniprep kit (Promega, USA), following the manufacturer's instructions after 1 h preincubation of the bacterial pellet with 250 pg lysozyme (Sigma) plus 30 U mutanolysin (Sigma), or by the following method. Cells were grown in 50 ml BHI containing 0.4% glycine within an anaerobe flask until late exponential phase, then centrifuged (3000 g for 15 min) and resuspended in 1 ml Tris-sucrose buffer (50 M Tris/HCl pH 8.0, 5 mM EDTA, 50 mM NaCl in 25 YO sucrose). Lysozyme (0.4 ml of 50 mg ml-l) and mutanolysin (0.1 ml of 2000 U ml-l) were added and the samples incubated at 37 "C for 15 min. EDTA was added up to 6.0 mM, and the samples were incubated at 37 OC for 10 min. The sample was cooled on ice and 10 % SDS was added to 1 YO and left on ice until clear (5-10 min) NaCl was added to 0.75 M, and the samples were left on ice for 20 min, then centrifuged (1900Og for 20 min). The DNA was precipitated with 2 vols ethanol at -20 "C overnight. The pellet was dried under vacuum and dissolved in 200 ml TE.
Plasmids from Eschericbia coli were isolated either as described in Sambrook e t a/. (1989) or using Magic Minipreps (Promega) according to the manufacturer's instructions. All sequenced DNA was prepared using the Magic Miniprep kit.
DNA hybridization. Samples were fractionated on gels, which were dried in a vacuum system (Bio-Rad). The gel was denatured (and deprobed) in 0.5 M NaOH, 0.15 M NaCl for 20 min, and neutralized in 0-5 M Tris/HCl pH 7.5, 0.15 M NaCl for 20 min. The gels were hybridized in a solution containing 6 x SSC (1 x SSC contains 0.15 M NaCl and 0.015 M sodium citrate), 5 x Denhardt solution (1 x Denhardt contains 0.02 % Ficoll, 0.02 O/O polyvinylpyrrolidone, 0.02 '/O bovine serum albumin fraction V) and 0.05 YO sodium pyrophosphate in a sealed plastic bag. Probes labelled with 32P were added (25 ng multiprimelabelled DNA, 200 ng end-labelled) and hybridized for 18 h at temperatures from 40 OC to 48 "C depending on the desired stringency. The gels were given two or three 20 min washes in 6 x SSC, 0.05 YO sodium pyrophosphate at temperatures in the same range as hybridization. Gels were wrapped in Gladpack and exposed to Amersham hyperfilm with an intensifying screen at -70 OC. Transformations were performed using competent E. coli strains JM105 or XL-blue as described by Hanahan (1 983).
DNA sequencing. Plasmids were sequenced using T7 DNA polymerase and a fluorescent primer (Kristensen e t al., 1988) . Standard universal and reverse primers for pUC18/19 vectors were used. The products were analysed and the sequence derived using an instrument constructed at EMBL, Heidelberg, Germany (Ansorge et al., 1986 (Ansorge et al., , 1987 , at the Biotechnologg Centre of Oslo, sequencing laboratory.
Polymerase chain reaction. PCR reactions were carried out m a Perkin Elmer Cetus DNA Thermal Cycler using the following programme: 30 cycles at 92 "C for 1 min, 52 "C for 1 min and 72 "C for 1 min. The GeneAmp PCR Core Reagent kit (part no. N808-0009, Perkin Elmer Cetus) was used according to the manufacturer's instructions.
RESULTS

Sequence analysis of DNA 5' to the cpe gene
The c -e clone pLWl (Iwanejko e t a/., 1989), which was used in the identification and sequencing of Qe, contains a 6.8 kb DNA insert in plasmid pHG165 (Stewart et a/., 1986) . ipe and 300 bp 5' to the gene were previously sequenced, and regions with homology to a ShineDalgarno consensus sequence and the -35 and -10 promoter sequence for the Clostridimz tetani toxin gene identified. This initial sequence strategy did not require detailed restriction analysis of the 6.8 kbp clone and, in consequence, this present study commenced with the development of a more detailed restriction map (Fig. l) , subsequently used for subcloning the DNA into pUCl8 plasmids (Yanisch-Perron e t al., 1985) for further sequencing. Overlapping clones were obtained over a 2 kbp area and nested deletion clones, using a Pharmacia kit, were made for the remaining areas with no suitable DNA sequence proximal to cpe restriction enzyme sites. Plasmids were subjected to automated sequencing protocols and the final sequence of 5090 bp was constructed with the use of programs from the GCG package (Genetics Computer Group, 1991). The enterotoxin gene and some 3 kbp of proximal DNA has either been sequenced in both directions or has been sequenced several times from separate clones (Fig. 2) . The initial 1-7 kb of the 6-8 kbp clone (the region most distant from cpe) gave consistently poor sequencing results in the attempts made, and is not included here. The 5090 bp sequenced starts at a KpnI site, and this is considered bp 1 (Fig. 3 ). Using this convention the cpe gene coding area starts at bp 4131. There is a gap of a few bases after bp 1150 which repeated attempts at sequencing have failed to resolve.
Possible open reading frames (ORFs) were found using the GCG package. In addition to cpe, three ORFs were found: ORFl from bp 369 to 930 (187 amino acids), ORF2 from bp 2134 to 1375 (253 amino acids) and ORF3 from bp 2653 to 2920 (89 amino acids). In addition to the above there may be an ORF running into the 5' end of the sequenced region as bps 0-399 have an ORF overlapping ORFl. All the sequences and the amino acid translations were compared against known sequences using the FASTA, TFASTA and BLAST programs (Pearson & Lipman, 1988; Altschul e t al., 1990) . Only one significant homologous DNA and one protein sequence was found, and only for ORF3 (Fig. 4) . This search produced one striking homology at both the DNA and protein level. ORF3, which is the nearest ORF 5' to cpe, shows 66% DNA homology and 63% amino acid homology to a putative ORF in the SalmonelLa t_phzmurium insertion sequence IS200 ( Fig. 4 ; Gibert e t a/., 1991) . Ribosome-binding sites (SD) and putative -35 and -10 regions can be located 5' to all four ORFs (Table 1) . Only one plausible SD and -35 and -10 promoter sequences could be detected 5' to three ORFs upstream of cpe. In contrast, at least ten possible -35 and -10 promoter sequences can be identified upstream of cpe. Nine of these -35 sequences are partly homologous to other known -35 regions from clostridia (Sebald, 1993) .
Searches for repeats and palindromes were performed. There was a marked concentration of repeats within 100 bp of each other in the DNA separating the probable ORFs. Between ORF 1 and ORF 2 there are four perfect repeats, five repeats were identified between ORF 3 and cpe, and four palindromes were located between ORF2
and ORF3 (Figs 2 and 3). Sequences resembling the Tn3 recombination site (Sherratt, 1989) were found in multiple copies 5' to cpe, and one copy was found 3' ( DNA sequence proximal to cpe labelled 586 bp B. subtilis DNA fragment gave a positive hybridization band for all the C. perfringens strains (Table  3) . We are currently seeking a gene with homology to bpr from C. perfringens.
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Hybridization studies on DNA from various C. perfrin gens s t ra i n s
Chromosomal DNA was isolated from nine C. perfringens strains (Table 3) which were tested for toxin production with a latex agglutination test kit (Oxoid). A 240 bp
KpnI-BgAI probe for the cpe gene, and a 458 bp Hind111 fragment upstream from cpe ( Fig. 1) were labelled with 32P
and used in Southern hybridization with EcoRI-digested chromosomal DNA separated on a 0.7 YO agarose gel. The cpe probe gave a single signal in the enterotoxin-positive strains, and no signal in enterotoxin-negative strains (Table 3 ). Despite the above, the hybridization band position was different for each strain, suggesting significant heterogeneity in chromosomal location.
The 458 bp Hind111 fragment (determined to be 330 bp on agarose gel: Granum & Stewart, 1993) gave a very different picture, with hybridization band numbers varying from one to three to multiple. These results extended the previous studies with C. perfringens NCTC 8239 (Granum & Stewart, 1993) , where multiple repeats of this region were first identified. Two of the enterotoxin-negative strains gave positive hybridization with this probe, including a type D strain; of particular interest, however, was that one of the enterotoxin-positive strains gave no hybridization signal, indicating that this region can be uncoupled from enterotoxin expression.
PCR studies of DNA upstream of cpe
The analysis using the two probes described above indicated that a region 2.5 kpb upstream of cpe may be unlinked to the regulation of enterotoxin production. However, the potential importance of ORF3 and the Hpr consensus binding sequences remain unclear and an extension of the above study to incorporate these areas in a linking study should prove helpful. A PCR approach was used to indicate the presence in diverse C. perfringens strains of the sequences up to 4 kbp 5' to cpe in C.
perfringens NCTC 8239. PCR primers were constructed according to Table 4 and Fig. 2 and these provided amplification of three separate but partly overlapping regions proximal to cpe. Of the six enterotoxin-positive strains tested only two in addition to NCTC 8239 gave PCR fragments of the expected size, indicating an equivalent genetic structure ( Table 3 ). The PCRl 121 3 bp fragment and the PCR2 1697 fragment were either absent or truncated in all of the remaining strains, indicating, as above, that these regions are unlinked to cpe expression. Of particular significance, however, was the finding that the PCR3 1397 bp fragment, which includes most of ORF3 and all of the intervening region up to cpe, was present in the correct size in all enterotoxin-positive strains.
DISCUSSION
About 4-1 kb DNA upstream of the enterotoxin gene from C. perfringens NCTC 8239 has been sequenced and subjected to detailed analysis. We have identified three ORFs, with possible associated control sequences, upstream of cpe (Fig. 2) . ORFl and ORF3 are found on the same coding strand as cpe, while ORF2 is on the other strand. Of the region associated with cpe in strain NCTC 8239 only that from the start of ORF3 to cpe is conserved among enterotoxin-positive C. perfringens strains. It is reasonable to assume therefore that ORFs 1 and 2 and their associated intergenic sequences are not an integral part of the control of cpe expression. Nevertheless the potential involvement of these regions in mediating the overall level of cpe expression cannot be excluded.
Given that ORF3 does appear linked to cpe in all strains it is particularly interesting that it has such high homology with the C-terminal end of a putative ORF from 5'. tJYPhimuritzm insertion sequence IS200 (Fig. 4) . It is possible that the IS200 sequence actually produces this peptide as homology starts with ORF3 methionine and shows 93 % conservation over the first 14 amino acids. At present the functional significance of this is unknown, but two additional observations support the association of the ORF3 region with mobilizable elements. Firstly the DNA sequence which includes ORF3 is completely devoid of 6 base restriction endonuclease palindromes. Such an absence is strongly suggestive of selection pressure derived from interspecies DNA transfer which might occur on mobilizable plasmids or bacteriophages. The absence of 6 base palindromes in T7 for example has been ascribed to elimination by phage replication in multiple hosts having diverse type I1 endonucleases (Rosenberg e f ul., 1979) . In this regard it is also interesting to note that C. perfringens enterotoxin, like the Stapbylococcus aweus enterotoxins, is a superantigen (Bowness e t al., 1992). The term superantigen has been applied to a group of bacterial and retroviral proteins that stimulate a large number of T lymphocytes in a manner distinct from that of classic antigens. Since at least some, if not all, of the Stuph. dMrew enterotoxins are known to be phage mediated (Alouf e t al., 1991) it is quite possible that the superantigenic enterotoxins are of viral (phage) origin. Returning to the second factor indicating the potential for cpe mobilization, there are sequences resembling the Tn3 recombination site both upstream and downstream of cpe (Table 2 ). It certainly appears that excision of cpe and the DNA region including ORF3 is possible since C. perfringens 21 54 which has previously been described as enterotoxin positive (Skjelkvile e t al., 1979) now appears deleted in this region (Table 3 ).
It has long been known that some strains of C. perfringens produce enormous amounts of enterotoxin, and the possibility of multiple copies of cpe scattered around the genome has been a plausible explanation. This theory can however be ruled out, as only a single cpe gene is found in such strains, located at the position close to the origin of genome replication (Canard et al., 1992) . Since mRNA stability appears to be excluded (Labbe & Duncan, 1977) , a possible explanation could be that differential use of at least some of the 10 putative RNA polymerase binding (Strauch & Hoch, 1993) . It will be especially interesting to develop these studies in parallel for sporulation within the anaerobic clostridia.
